Objective. Recent literature suggests that astrocytes form organized functional networks and communicate through transient changes in cytosolic Ca 2+ . Traditional techniques to investigate network activity, such as pharmacological blocking or genetic knockout, are difficult to restrict to individual cells. The objective of this work is to develop cell-patterning techniques to physically manipulate astrocytic interactions to enable the study of Ca 2+ in astrocytic networks. Approach. We investigate how an in vitro cell-patterning platform that utilizes geometric patterns of parylene-C on SiO 2 can be used to physically isolate single astrocytes and small astrocytic networks. Main Results.
Introduction

Astrocytic Ca 2+ Signalling
The astrocyte is a type of glial cell found in the mammalian central nervous system. Contemporary literature suggests that astrocytes should be considered active participants of the brain circuitry, have 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t a role in modulating neural activity, and potentially provide a mechanism for signal transmission in separate astrocytic networks [1, 2] . Astrocytes should therefore be studied as organized functional networks [3] .
Astrocytes display a non-electrical form of excitability whereby stimuli result in transient or oscillatory increases in cytosolic Ca 2+ . These Ca 2+ transients propagate to neighbouring cells via gapjunction-mediated pathways. Additionally, Ca 2+ transients trigger the release of various signalling molecules that stimulate Ca 2+ transients in neighbouring cells through extracellular signalling mechanisms [4] .
Typically, previous investigations of network level Ca 2+ signalling in astrocytic cultures have used pharmacological agents, such as carbenoxolone, to block gap junctions, or genetic knockout to prevent gap junction formation [5] . Similarly, extracellular mechanisms of intercellular Ca 2+ transmission have been investigated through blocking purinergic and glutamatergic receptors, both of which have been implicated in stimulating Ca 2+ responses in astrocytes [6, 7] . These techniques, however, do not provide the ability to selectively modify interactions between specific cells while leaving neighbouring cells unaffected. Furthermore, drug treatments are typically not completely efficacious and have off-target effects that necessitate cautious interpretations of data [8] . It is therefore challenging to determine experimentally how Ca 2+ activity in a single isolated cell influences neighbouring cells and how these interactions scale to determine the ensemble Ca 2+ activity in an astrocyte network. Recent work by Shtrahman et al has suggested that complex spatio-temporal patterning observed in astrocyte Ca 2+ signalling can be understood in terms of localized coupling between cells through both gap-junction and extracellular pathways [9] . This motivates the development of techniques that are able to influence the interactions between cells on a more local scale than pharmacological manipulation can provide.
Many studies have investigated Ca 2+ in astrocytic networks by analysing correlations in Ca 2+ activity.
Typically, in cell-culture preparations, astrocytes display varied Ca 2+ behaviour consisting of spontaneous Ca 2+ activity and intercellular Ca 2+ waves that propagate radially through the network of cells [10, 11] . An additional type of Ca 2+ activity consists of spatially clustered Ca 2+ transients, where neighbouring cells display correlated Ca 2+ activity [12, 13] . Recent work by Sasaki et al demonstrated that clusters of adjacent astrocytes in hippocampal-slice cultures display synchronized Ca 2+ transients that account for up to 60% of total Ca 2+ activity [7] .
Cell-patterning
The field of cell-patterning aims to manipulate the surface properties of cell-culture substrates to facilitate control over the spatial distribution of cells and cell-to-cell interactions in in vitro culture. To date, a diverse range of techniques has been developed to achieve this, such as photolithography [14] , micro-moulding [15] , microfluidics [16] and laser deposition [17] and ablation [18] .
Page 2 of 25 AUTHOR SUBMITTED MANUSCRIPT -JNE-102040 .R2   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t A recently developed technique uses the organic polymer parylene-C deposited on SiO 2 to alter the absorption of serum proteins to the cell-culture substrate. Differential protein absorption at the parylene-C and SiO 2 surfaces provides contrasting cell-adhesive and cell-repulsive areas that can effectively pattern cells [19, 20] . More recently, it was reported how parylene-C/SiO 2 substrates can be manufactured by femtosecond laser ablation, providing a robust method that allows for the rapid prototyping of different pattern architectures [21] . The parylene-C/SiO 2 platform has been used to effectively pattern a variety of neural cell types, including primary murine hippocampal neurons and glia [19, 22] , HEK 293 cells [23] and human astrocytes and neurons derived from the NTERA2/D1 cell line [21, 24] .
The cell-patterning approach was applied to astrocytic cultures by Jordan et al who used parylene-C inlaid SiO 2 trenches to pattern astrocytes into linear grid networks [25] . The grid structure on the cell substrate limited the typically labyrinthine astrocytic network to one where astrocytes were only able to interact with either two or four neighbouring cells. Jordan et al reported that astrocytes in tightly packed linear grid networks displayed robust responses to ATP whereas sparsely patterned astrocytes did not. This motivates further study of how cell-patterning influences Ca 2+ signalling in astrocytic networks.
NTERA2 Cell Line Derived Astrocytes
In this work, we used astrocytes derived from the human embryonal carcinoma NTERA2/D1 (NT2/hNT) cell line. hNT astrocytes have previously been validated as a suitable model for primary human astrocytes [26, 27] . The differentiated astrocytes express glial fibrillary acid protein (GFAP), S100 , and a variety of other markers consistent with mature astrocytes observed in the central nervous system [28, 29] . It has been reported that hNT astrocytes are physically coupled via connexin-43-containing gap junctions [28] . Hill et al investigated Ca 2+ signalling in hNT astrocytes and reported that hNT astrocytes displayed Ca 2+ elevations and oscillations in response to neuronal activity. Furthermore, propagation of Ca 2+ transients between neighbouring cells was sensitive to inhibition of both gap-junction and purinergic pathways [6] .
Therefore, the aim of this work is to describe a cell-culture platform that will facilitate the study of Ca 2+ signalling in astrocytic networks. We isolate individual astrocytes and small multi-cellular clusters using the parylene-C/SiO 2 cell-patterning platform. The Ca 2+ activity of the patterned astrocytes is compared to typical non-patterned cultures of astrocytes. We then demonstrate that the structure of the astrocytic network is an important factor in determining collective astrocytic Ca 2+ dynamics. Page 3 of 25  AUTHOR SUBMITTED MANUSCRIPT -JNE-102040.R2   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 2 Methods and Materials The cell-patterning substrate consisted of a grid of equally spaced square nodes of parylene surrounded by SiO 2 (Figure 1 ). The design parameters of this pattern, the node size ( ) and the internode distance ( ) are indicated in Figure 1 (a). We hypothesized that smaller nodes, due to their limited surface area, would be able to isolate single astrocytes, whereas larger nodes would be able to isolate clusters of multiple cells. This hypothesis has been demonstrated visually in Figure 1 
Design of Parylene/SiO 2 substrates
The range of node sizes analysed was based on the typical sizes of hNT astrocytes in culture.
Preliminary experiments indicated that astrocytes grow to a wide range of sizes in cluster. Astrocytes were seeded at a density of 50 cells per mm 2 on tissue culture Petri dishes. The mean size of astrocytes suspended in media prior to attachment was 37 ± 7 µm (n = 50). Following 24 hours in culture, the hNT astrocytes adopted a polygonal morphology with a large spreading cytoplasm and a mean size of 146 ± 34 µm (n = 87). Astrocyte size was approximated as the maximum width of the region of interest for each cell. Regions of interest were traced manually in ImageJ [30] . The distribution of astrocyte sizes is presented in Supplementary Figure 1 .
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Fabrication of Parylene-C/SiO 2 substrates
Silicon wafers were oxidized in a furnace at 950 °C for 40 min, under a flow of 1.88 and 1.25 sccm of H 2 and O 2 respectively, to produce a 200 nm SiO 2 layer. The depth of the SiO 2 layer was confirmed with a Nanometrics NanoSpec/AFT Microarea gauge. Parylene deposition was performed by Speciality Coating Systems which deposited a 100 nm layer of parylene-C onto each separate wafer.
Femtosecond-laser-ablative micromachining of parylene from SiO 2 substrates was performed using a previously described method [21] to rapidly prototype the node design. Briefly, a Coherent Legend femtosecond-pulsed laser (800 nm, 100 fs pulses, repetition rate 500 Hz) was directed through a square, chrome-plated quartz mask towards a computer-controlled motorized stage and focussed at a spot size of 50 µm.
The quality of the manufactured substrates was assessed both visually under 20x magnification and by X-ray photoelectron spectroscopy (XPS). XPS survey spectra were collected from areas of parylene-C and ablated SiO 2 . The XPS spectra of the SiO 2 samples did not show the presence of the strong Cl 2p peak at 199 eV that was observed in the control parylene-C spectra. The absence of the Cl 2p indicated that parylene-C had been completely removed by the laser ablation.
The patterned parylene-C/SiO 2 samples were cleaned with a 30-second acetone wash and rinsed in Milli-Q water. The samples were then cleaned with piranha acid, consisting of a 5:3 ratio of hydrogen peroxide (30%) and sulphuric acid (98%), for 10 min and subsequently rinsed three times in Milli-Q water. Immediately after the piranha acid treatment, the samples were sterilized in 24 well plates by immersion in 0.5 mL antibiotic/antimycotic solution (1 % Penicillin-Streptomycin) and incubated for 1 h at 37 °C. The samples were then rinsed in PBS, immersed in 100% foetal bovine serum (FBS) and incubated for 3 hours in order to activate the patterns.
hNT Astrocyte Differentiation Protocol and Cell-seeding
Astrocytes were differentiated from the NTera2.D1 (NT2/hNT) cell line (ATCC) in a protocol originally developed by Andrews et al [31] and subsequently modified by Pleasure et al [32] , Paquet-Durand et al [33] and Unsworth et al [24] . Briefly, NT2 cells were plated in 10% FBS/DMEM:F12 in Petri dishes at 6 x 10 6 cells per dish and treated with retinoic acid (RA) at 10 µM for 2 weeks, replating every 2-3 days. Cells were then transferred to T75 flasks and treated with RA for a further 7-10 days, with media changes every 2-3 days (10% FBS/DMEM:F12). Cells with neuronal morphology were removed by selective trypsinization and the remaining non-neuronal cells were replated into uncoated T75 flasks. Cells were then treated in 5% FBS/DMEM:F12 with decreasing concentrations of the mitotic inhibitors uridine (Urd) at 10 µM, 5-fluoro-2'-deoxyuridine (FUdR) at 10 µM and -D-arabinofuranoside (AraC) at 1 µM for 12 days, then Urd and FUdR (10 µM) for 13 days, followed by Urd (10 µM) for 8 days, with media changes every 2-3 days. Cells with a neuronal morphology were removed by selective trypsinization and discarded. The astrocytes were harvested A c c e p t e d M a n u s c r i p t by trypsinization for seeding onto patterned parylene/SiO 2 substrates. The differentiation protocol typically yielded between approximately 250,000 and 750,000 astrocytes per T75 flask.
Following serum incubation and prior to seeding the parylene/SiO 2 , samples were gently rinsed in PBS. hNT astrocytes were seeded in 200 µL aliquots onto the samples at 50 cells per mm 2 . A seeding density of 50 cells per mm 2 was used to replicate the cell density observed at the end of the differentiation, which was typically between 33 and 100 cells per mm 2 . After 48 hours in culture, the cell density on all but one of the patterned substrates was between 30 and 50 cells per mm 2 . The cell density measured on patterned substrates is presented in Supplementary Figure 3 . Consequently, as the cell densities on the patterned cultures were within the range of densities observed during astrocyte differentiation, we do not expect that cell density had a significant influence on the interpretation of our results.
Astrocytes were seeded simultaneously on both non-patterned and patterned substrates. The nonpatterned substrates served as a control to assess the variability in the actual seeding density compared to target of 50 cells per mm 2 . The mean cell density of astrocytes on non-patterned substrates was 48 ± 5 cells per mm 2 (n = 16). Consequently, we do not expect variability in cell-seeding density had a significant influence on the interpretation of our results.
Fluorescence Labelling and Imaging
Cell-patterning was quantified after 48 hours of culture on parylene-C/SiO 2 substrates. Astrocytes were labelled with the live cell stain CMFDA (1 µM) for 1 hour at 37 °C and 5% CO 2 and then fixed with 3.6% PFA for 10 min at ambient conditions. The samples were washed with PBS three times then counterstained with Hoechst 33258 (1.6 µg mL -1 ) for 10 min followed by three 1 mL PBS rinses.
Samples were imaged on an Olympus BX53 equipped with a motorized stage, under mercury-bulb illumination using GFP and DAPI (470-495/550 nm and 360-370/410, Em/Ex) fluorescence filters.
Greyscale 8-bit images were captured on Olympus XC50 camera at 10x magnification in a grid mosaic pattern covering the entire sample. Custom software written in Matlab© (2014b, The MathWorks Inc., Natick, MA) was used for further processing.
Image Processing for Cell-patterning Analysis
The fluorescence images were pre-processed by applying a histogram equalization routine to equally distribute the image data across the 8-bit dynamic range. Noise introduced by the XC50 camera was suppressed with a 5x5 Wiener filter. The Wiener filter allowed for a more accurate determination of cellular areas by reducing the amount of noise in the binary masks. The images were converted to binary masks using a manually set threshold. Small objects in the binary masks that represented noise rather than cellular content were removed by morphological opening using a 7-pixel disk structural element. The masks representing parylene, cellular and nuclear areas were further processed to generate metrics quantifying the level of patterning on each substrate. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t For this work, we introduce two metrics to quantify the quality of patterning in our cultures, the mean cluster size and the Node Isolation Index (NIX). The mean cluster size was calculated by counting the number of nuclei in every connected CMFDA fluorescent object in the binary masks. The Isolation Index represents the isolation of a cluster of cells, on a given parylene node, from cells on all other parylene nodes. The NIX was calculated by first determining, for each parylene node, the number of other nodes that are connected to it by cellular material. The inverse of the number of connected nodes represents the NIX, which was then averaged over every node on the sample. Consequently the NIX can take values approaching 0, representing poor isolation, where a node was connected to many other nodes, to 1, representing perfect isolation, where no two nodes were connected.
Statistical analysis of the patterned cultures was performed in MATLAB. Null hypotheses and pvalues are reported in the text where relevant. The Bonferroni correction was applied where multiple comparisons were performed. The notation, / , was adopted to refer to the mean value of either the mean cluster size or NIX on a given patterned substrate with a node size of and an inter-node distance of , as presented in Figure 1 .
Ca 2+ Signalling of hNT Astrocytes in Patterned Cultures
Ca 2+ signalling of hNT astrocytes on patterned parylene-C/SiO 2 substrates and non-patterned parylene-C substrates was assessed after 48 hours of culture. Two pattern geometries were chosen for analysis: 75 µm nodes, and 150 µm nodes, which were respectively able to isolate single astrocytes and multi-cellular clusters with a mean cluster size of approximately three. An inter-node distance of 140 µm was chosen to maintain sufficient cell isolation.
Astrocytes were labelled with Fluo-4 at 1 µM in 1% FBS/DMEM:F12 for 1 hour at 37 °C and 5% CO 2 . Samples were then transferred to a 35 mm Petri dish containing 1% FBS/FluoroBrite DMEM that had been pre-incubated at 37 °C and 5% CO 2 . Samples were imaged on an Olympus BX53, equipped with a mechanical shutter to limit light exposure, under halogen-bulb illumination using a GFP (470-495/550 nm, Em/Ex) fluorescence filter. Greyscale 8-bit images were captured on Olympus XC50 camera at 10x magnification at 0.5 Hz for 600 seconds. The microscope was contained within an incubator which maintained the cells at 37 °C and 5% CO 2 .
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Analysis of Astrocyte Ca 2+ Signalling in Patterned Cell-cultures
The influence of cell-patterning on Ca 2+ signalling in astrocytic networks was evaluated by assessing the number of simultaneous Ca 2+ transients in non-patterned and patterned cultures.
The typical behaviour of astrocytes is to display Ca 2+ transients without any external stimulation. As a result, it is possible that two Ca 2+ transients in different cells may occur at the same time simply by chance. It is therefore not possible to determine, from the timing of the Ca 2+ transients alone, whether any single pair of Ca 2+ transients appeared simultaneously due to chance or as a result of cellular communication. However, by considering the Ca 2+ transients from a large population of cells, it is possible to compare the actual number of simultaneous Ca 2+ transients to the number that could be expected to appear by chance. This was achieved using the event-shuffling method of Ikegaya et al and Sasaki et al [7, 35] , in which Ca 2+ transient were assumed to occur as random events. Using this assumption, it was possible to generate shuffled data sets where the timing and spatial location of Ca 2+ transients were randomly shuffled. We then compared the number of simultaneous Ca 2+ transients in the experimental data with the distribution of the number of simultaneous Ca 2+ transients that was obtained from the shuffled data sets. Next, we calculated 95% prediction intervals from 50 sets of shuffled data for each experiment. Then, if the number of simultaneous Ca 2+ transients counted from the experimental data was outside the 95% prediction interval, the clustering of Ca 2+ transients was considered significant.
In this work, we used two shuffling procedures that have previously been described by Sasaki et al [7] . First, the intervals between Ca 2+ transients in a single cell were shuffled to remove any potential temporal synchronization between cells, as depicted in Figure 2(d) . Second, the spatial locations of the Ca 2+ transients were shuffled using an event exchange procedure, depicted in Figure 2 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t but shuffled the spatial location of the Ca 2+ transients. The event exchange shuffling was performed by selecting two random Ca 2+ transients in two random cells and swapping them. This process was performed until every Ca 2+ transient had been exchanged.
The total number of simultaneous Ca 2+ transients was calculated for each experiment and shuffled data set. Every combination of two Ca 2+ transients from every combination of cells within each data set was assessed to determine if the pairs of Ca 2+ transients were simultaneous. Simultaneous Ca 2+ transients were defined as any two Ca 2+ transients that overlapped in time by more than a threshold of 50% (Figure 2 (c)).
A sensitivity analysis, presented in Supplementary Figure 1 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t neighbours. Astrocytes were considered to be neighbours if their cytoplasms were no more than 10 µm apart in the Fluo-4 fluorescence images. Supplementary Figure 4 shows both the mean and the distribution of astrocyte neighbours as a function of cluster size.
Results
In this section, we evaluate how modifying the underlying pattern of parylene-C on SiO 2 affects both the number of astrocytes isolated in clusters and how well clusters on different nodes are isolated from one another. We then demonstrate that isolating astrocytes into small multi-cellular clusters results in spatio-temporal clustering of Ca 2+ transients that is not observed in non-patterned cultures.
Effect of Parylene-C Node Size on Astrocyte Clustering
We sought to control the size of astrocyte clusters that could be isolated within a patterned culture by varying the parylene node size. The influence of parylene node size is presented in Figure 3 with characteristic images of hNT astrocytes cultured on parylene-C/SiO 2 . That influence is quantified in Figure 4 by the mean cluster size and the node isolation index. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t Contrary to our hypothesis, as the node size was decreased below 75 µm, the mean cluster size increased. This result can be rationalized by considering the images of 25 and 50 µm nodes in Figure   3 (a) and (b). These images demonstrate that astrocytes showed poor conformity to the 25 and 50 µm parylene nodes and appeared to tolerate growing on the SiO 2 areas. This caused astrocytes to bridge between nodes and make contact with neighbouring cells. Similarly, Figure 4 (b) demonstrates that the 25 and 50 µm nodes contain on average less than one cell per node, representing a failure of the smaller nodes to isolate astrocytes. However, consistent with our hypothesis, Figure 4 (a) demonstrates that as the parylene node size increased above 75 µm the mean cluster size increased. The images of 75 to 200 µm nodes, Figure 3 (c-h), demonstrate that increases in mean cluster size were due to astrocytes clustering onto single nodes, rather than cells bridging between nodes. The greatest mean cluster size of 4.5 was obtained in cultures on 200 µm nodes.
As the mean cluster size was only a representative average for each sample, we investigated the distribution of cluster sizes on individual patterned substrates. Figure 4 (c) demonstrates the distribution of astrocyte cluster sizes in individual patterned cultures with varying node sizes. Clusters of greater than 7 cells accounted for less than 5% of the total number of clusters and were excluded from the graphs. Figure 4 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t decreased sharply, with clusters of 3 or more astrocytes accounting for a less than 10% of all clusters.
In contrast, on 200 µm nodes, single astrocytes accounted for only 20% of clusters, while a greater proportion of larger astrocyte clusters were present.
Finally, Figure 4 We chose substrates with node sizes of 75 and 150 µm to investigate further the influence of internode distance on astrocyte clustering and isolation.
Influence of Inter-Node Distance on Astrocyte Patterning
Next, we evaluated the influence of inter-node distance on astrocyte cell-patterning on parylene-C/SiO 2 substrates by considering the effects on the mean cluster size and NIX. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t Significant differences (p < 0.05) are denoted by asterisks (*).
We found that the inter-node distance had no effect on cell clustering for astrocytes cultured on 75 µm parylene nodes ( : 75/50 = 75/95 = 75/140 = 75/230 , p = 0.98). In contrast, astrocytes cultured on 150 µm substrates showed a significant difference in clustering as the inter-node distance was varied ( : 150/50 = 150/95 = 150/140 = 150/230 , p = 0.007). The mean cluster size for astrocytes on 150 µm nodes at an inter-node distance of 50 µm was 2.8 and increased to 3.6 at 230 µm.
Figure 6(b) reports the effects of inter-node distance on node isolation on parylene-C/SiO 2 substrates.
We found no significant difference in the isolation of astrocytes on either 150 or 75 µm nodes at each inter-node distance ( : 75/50 = 150/50 , p = 0.68; : 75/95 = 150/95 , p = 0.64; : 75/140 = 150/140 ; p = 0.40, : 75/230 = 150/230 ; p = 0.18). As the node size did not influence the NIX, we analysed the influence of inter-node distance on the NIX value using combined data sets for the 75 and 150 µm nodes. We observed a trend for increasing isolation at greater inter-node distances. The maximum NIX of 0.95 was observed at inter-node distances of 230 µm. As the distance between nodes decreased, astrocytes were capable of forming connections between adjacent parylene nodes by growing over the surrounding SiO 2 areas, as demonstrated in Figure 5 (a) and (e).
Astrocyte Ca 2+ On Patterned Parylene-C/SiO 2 Substrates
Finally, we investigated how cell-patterning influenced Ca 2+ signalling in astrocytic networks. Figure   7 shows characteristic Ca 2+ activity of hNT astrocytes in three culture conditions: non-patterned 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t astrocytes cultured on plain parylene-C, in Figure 7 (a, d, g); patterned astrocytes on parylene-C/SiO 2 substrates designed to isolate single astrocytes, in Figure 7 (b, e, h); and patterned astrocytes where small multi-cellular clusters were isolated, in Figure 7 (c, f, i). We first evaluated whether the number of pairs of simultaneous Ca 2+ transients in each culture was significantly different to the number that would appear by chance if the Ca 2+ transients were randomly distributed. Specifically, we counted the incidence of pairs of simultaneous Ca 2+ transients in each set of experimental data. We then compared this with the number counted in the respective shuffled data generated by the inter-transient interval shuffling method described in Section 2.7. If the number of pairs of simultaneous Ca 2+ transients in the experimental data was significantly different to the shuffled data then the appearance of simultaneous Ca 2+ transients was likely not simply due to a chance overlap. The error bars in Figure 7 (j) represent the 95% prediction intervals for the number of simultaneous pairs of Ca 2+ transients counted in the shuffled data sets. Figure 7(j) shows that the non-patterned and isolated astrocytes did not show an incidence of simultaneous Ca 2+ transients that was significantly different to the shuffled data sets. This was because the relative number of pairs counted, 0.55% and -1.2% respectively, were within the 95% prediction intervals for the shuffled data sets. In contrast, the astrocytes patterned into small clusters showed 17% more pairs of simultaneous Ca 2+ transients than the shuffled data sets. Significantly, the 17% increase was outside the 95% prediction interval for the shuffled data sets. This indicates that the number of pairs of simultaneous Ca 2+ transients was unlikely to have occurred by chance. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t Figure 7 (k) represent the standard error. Nonpatterned and isolated astrocytes were found to have a mean increase in the percentage of simultaneous Ca 2+ transients of 0.30% and -0.02% respectively. However, these were not significantly different from zero ( : − = 0, p = 0.64, : = 0, p = 0.97). In contrast, astrocytes in small clusters exhibited significantly more pairs of simultaneous Ca 2+ transients with a mean increase of 11% relative to the number of simultaneous Ca 2+ transients that would be expected from chance alone ( : = 0, p = 0.02).
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However, as not all of the astrocytes were perfectly patterned to individual nodes, we grouped cells according to their distance from one another. Cells within a distance 0-140 µm approximately represented all cells on a single node, whereas cells within 145-430, 430-720 and 720-1010 µm were on adjacent nodes progressively further away. By comparing the incidence of pairs of simultaneous Ca 2+ transients in the experimental data with shuffled data, derived using the event-shuffling method described in Section 2.7, we determined whether simultaneous Ca 2+ transients were spatially localized. Figure 7 (c, f, i) and shows the number of pairs of simultaneous Ca 2+ transients that occur within the respective distances. Figure 8(a) shows an example cell highlighted in red with the neighbouring cells labelled by their separation distance. Figure 8(b) shows the relative number of pairs of simultaneous Ca 2+ transients that occur within the specified distances from one another. The error bars in Figure 8 (b) represent the 95% prediction intervals for the number of pairs of simultaneous Ca 2+ transients that occurred in the shuffled data sets. Figure 8(b) shows that 41% more pairs of simultaneous Ca 2+ transients occurred within a distance of 140 µm from each other. In contrast, the change in the number of simultaneous Ca 2+ transients was 3.0%, -4.0%, -1.1%, for cells at distances of 140-430, 430-720 and 720-1010 µm from each other respectively. However, all these values were within their respective 95% prediction intervals for the shuffled data and therefore cannot be considered significant. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t Finally, Figure 9 reports differences in the mean frequency and periodicity of Ca 2+ transients. The subplots in Figure 9 indicate both the mean and the distribution of these values. The periodicity of Ca 2+ transients was evaluated using the standard deviation of the inter-transient intervals. A low standard deviation indicates more periodic Ca 2+ transients, whereas a high standard deviation indicates more irregular Ca 2+ transients.
Figure 8(a) and (b) presents further analysis of clustered astrocytes in
In Figure 9 (a) and (b) frequency and periodicity of Ca 2+ transients are evaluated as a function of astrocyte cluster size. Figure 9 (a) demonstrates that astrocytes in non-patterned cultures have the highest frequency Ca 2+ transients with 0.94 transients per minute. This was significantly higher than astrocytes in all other clusters. There were no significant differences in the Ca 2+ transient frequencies for astrocytes in clusters with sizes of 1 to 5. Similarly, Figure 9 (b) shows that the Ca 2+ transients in non-patterned cultures were more periodic, with a lower standard deviation of the inter-transient intervals. In contrast, Ca 2+ transients in clusters of astrocytes were more irregular.
We next analysed the Ca 2+ transient frequency and periodicity as a function of the number of neighbouring cells. hNT astrocytes are known to form gap-junctions. Therefore, while two clusters may have the same number of astrocytes, the connectivity between the astrocytes may not be the same. For example, a cluster of three astrocytes may be arranged either in a linear or a triangular structure. Figure 9 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 
Discussion
In this work, we have described how the parylene-C/SiO 2 cell-culture platform can be used to isolate single astrocytes and small multi-cellular clusters. Significantly, we demonstrate that clustered cultures of astrocytes exhibit spatio-temporal localization of simultaneous Ca 2+ transients that is observed in astrocytes in hippocampal slices and in vivo. Such localisation is not typically observed in vitro without pharmacological manipulation. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
Evaluation of Cell-patterning Hypothesis
We initially hypothesized that, by controlling the parylene node size, different pattern geometries would be able to selectively isolate specific-sized clusters of astrocytes. This was found to be true for the 75 µm parylene nodes, which showed a strong preference for single astrocyte isolation, because 74% of the parylene nodes contained only single cells. As the parylene node size was increased, the cell clustering increased as hypothesized. However, within a single patterned culture, there was a wider distribution of cluster sizes. The data in Figure 4 (c) demonstrated that the 150 µm parylene nodes were able to both isolate single astrocytes and clusters of up to 6 astrocytes.
We hypothesize that two factors account for the lack of selectivity on larger nodesvariations in the cell density during the seeding process and the variable size of hNT astrocytes. First, prior to seeding, the cell suspension was thoroughly mixed and was therefore assumed to have a homogenous cell density. It would therefore be reasonable to assume the astrocytes were homogenous on the scale of the chip. However, they may not have been homogenous at the scale of the parylene nodes. For instance multiple astrocytes may have landed on one node but none on another by chance. Second, as we noted in Supplementary Figure 1 , the hNT astrocytes grow to variable sizes. The variability in the size of astrocytes is unlikely to represent a lack of maturation of the astrocytic phenotype because Sandhu et al [29] reported that virtually all astrocytic cells differentiated from the NTERA2 cells line by exposure to RA expressed S100a marker for mature astrocytes in the central nervous system.
Consequently, it is likely that on areas of the substrates, which by chance have higher local cell density, multiple astrocytes crowd together on individual nodes to increase the size of the clusters.
We subsequently analysed the local cell density in 250 x 250 µm sub-sections of individual patterned samples and found that the mean cluster size was positively correlated with the cell density. As a consequence, we hypothesize that both the inherent randomness in how the astrocytes land on the patterned substrates and the astrocytes variable size may account for the wider distribution of cluster sizes obtained with larger parylene nodes.
Furthermore, visual inspection of the data indicated that, for the 75 µm nodes, increases in cell clustering were often due to cells bridging between two neighbouring nodes rather than there being two discrete cells in a single node, as shown in Figure 5(a) . Considering only the 75 µm parylene nodes, the subset of nodes that contained isolated cell clusters had a mean cluster size of 1.09 ± 0.02.
In contrast, the subset of parylene nodes that contained non-isolated cell clusters, where astrocytes grew over the SiO 2 to contact multiple parylene nodes, had a mean cluster size of 5.0 ± 3.4.
Consequently, in the absence of astrocytes bridging between two nodes, the 75 µm nodes were highly selective for single astrocytes. This suggests that significant improvements to the isolation of hNT astrocytes can be achieved through improvements to the repulsive characteristics of the SiO 2 substrate.
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Ca 2+ Signalling in Patterned Cultures
It has been established in literature that in vivo astrocytes exhibit transient increases in cytosolic Ca 2+ as a result of signal transduction from other astrocytes, mediated by both gap-junction and extracellular pathways [2] . A particular type of Ca 2+ dynamic, consisting of spatially clustered astrocytes with simultaneous Ca 2+ transients, has been observed in slice culture preparations and in vivo [7] . The same Ca 2+ dynamics, however, are not typically observed in vitro, with Ca 2+ activity appearing either oscillatory, with transient Ca 2+ increases occurring at a particular frequency, and/or as Ca 2+ waves that propagate radially outwards from a single cell [10] . In this work we demonstrated that spatio-temporal localization of Ca 2+ transients can be observed in vitro by physical isolation of astrocytes into small multi-cellular clusters.
In cultures of clusters of astrocytes and non-patterned cultures, both gap-junction and extracellular communication pathways are feasible, yet only clustered astrocytes exhibited spatio-temporal localization of Ca 2+ transients. What differences between these culture conditions account for the differences in Ca 2+ dynamics?
The role of gap-junction and paracrine communication pathways in the transmission of intercellular Ca 2+ signals has previously been reviewed [10] . Two mechanisms have been suggested to play a role in the intercellular transmission of Ca 2+ signals. The first mechanism involves diffusion of messenger molecules across gap-junctions, likely the second-messenger inositol trisphosphate (IP 3 ). When released into the astrocyte cytosol, IP 3 stimulates Ca 2+ release from the endoplasmic reticulum (ER).
The released Ca 2+ subsequently stimulates further release of Ca 2+ from the ER through calciuminduced calcium release (CICR). The second mechanism involves the release of paracrine messengers from astrocytes, which then diffuse through the extracellular space to act on neighbouring cells.
Possible paracrine signals include ATP and glutamate, which act through G-protein coupled receptors to stimulate the production of IP 3 . While these mechanisms have been studied in the context of intercellular Ca 2+ waves recent work by Sasaki et al [7] and Kuga et al [36] has demonstrated that spatiotemporal clustering of Ca 2+ transients exist as a separate Ca 2+ signalling dynamic. While paracrine and gap-junction pathways are likely involved in the clustering phenomena, the extent of each pathways involvement and how the pathways interact is less well studied and remains unclear. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t Shtrahman et al also demonstrated that astrocytes in culture exhibited spontaneous Ca 2+ transients whose frequency was dependent of the level of gap-junction coupling [9] . Similarly, we observed that the frequency of Ca 2+ transients increased as astrocyte connectivity increased. While we cannot determine from our data whether any two neighbouring astrocytes were physically connected by gap junctions, Bani-Yaghoub et al [28] and Hill et al [6] have previously demonstrated that hNT astrocytes in vitro express functional Cx43-containing gap junctions. We hypothesize that astrocytes in clustered cultures have a lower frequency of Ca 2+ transients due to having fewer neighbouring astrocytes and, therefore, fewer potential pathways for gap-junction communication. In contrast to the work of Shtrahman et al where gap-junction communication was pharmacologically inhibited, in our patterned cultures the multi-cellular clusters were physically separated. Therefore, gap junctions could only form between neighbouring cells on the same parylene node.
We hypothesize that clustering of simultaneous Ca 2+ transients in the clustered cultures, but not in the non-patterned cultures, was due to the limitations in the potential for gap-junction communication.
Similar to the work of Shtrahman et al, which demonstrated that reduced gap-junction communication resulted in greater spatial localization of Ca 2+ transients, the potential for gap-junction communication in clustered astrocyte cultures is limited. However the potential is limited because of physical 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t isolation of cells rather than pharmacological manipulation. In contrast, similar localization of simultaneous Ca 2+ transients is not observed in non-patterned cultures because the astrocytic network has more cell neighbours, resulting in greater potential for gap-junction communication.
Finally, we reported that hNT astrocytes cultured as isolated cells did not exhibit any significant number of simultaneous Ca 2+ transients that could not be accounted for by chance. However, this result does not suggest that intercellular communication did not occur between neighbouring isolated astrocytes. It remains possible that Ca 2+ transients in neighbouring cells are causally related through extracellular communication, but over larger timescales that do not result in simultaneous Ca 2+ transients. Further work would be required to investigate how varying the inter-node distance may influence Ca 2+ signalling. However, such work is currently limited by astrocytes bridging between neighbouring parylene nodes when the inter-node distance is too small.
Conclusion
The significance of this work is to report how patterning hNT astrocytes on the parylene-C/SiO 2 cellpatterning platform replicates spatio-temporal clustering of Ca 2+ signalling. Such clustering is observed in astrocytes in vivo but not typically in dissociated in vitro cultures of astrocytes. We demonstrate how Ca 2+ signalling in astrocytic networks was influenced by the spatial organization of the cells by isolating individual and small multi-cellular clusters. We demonstrate that individual astrocytes could be selectively isolated on square 75x75 µm parylene nodes and that multi-cellular astrocytic networks could be isolated on larger sized nodes, with the mean number of cells per cluster increasing as a function of node size .  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t AUTHOR SUBMITTED MANUSCRIPT -JNE-102040 .R2   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
